Using first-principles density functional theory calculations, we investigate the hydrostatic pressureinduced reorientation of the Mn-F Jahn-Teller bond axis in the fluoride cryolite Na3MnF6. We find a first-order isosymmetric transition occurs between crystallographically equivalent monoclinic structures at approximately 2.15 GPa, consistent with earlier experimental studies. Analogous calculations for isostructural 3d 0 Na3ScF6 show no evidence of a transition up to 6.82 GPa. Mode crystallography analyses of the pressure-dependent structures in the vicinity of the transition reveals a clear evolution of the Jahn-Teller bond distortions in cooperation with an asymmetrical stretching of the equatorial fluorine atoms in the MnF6 octahedral units. We identify a change in orbital occupancy of the eg manifold in the 3d
I. INTRODUCTION
Perovskite transition metal compounds with ABX 3 stoichiometry, where X is either oxygen or fluorine, have been extensively studied owing to their ability to support a rich set of physical phenomena ranging from multiferroisim to superconductivity. [1] [2] [3] [4] Many of these properties are a direct consequence of electron-lattice interactions across structural phase transitions owing to symmetry reductions, which alter chemical bonding pathways and electronic properties through distortions and rotations of BX 6 octahedra. Indeed, the physical properties of perovskites can be tailored by changing the bonding environments by manipulating the BX 6 size, shape, and connectivity 5 using chemical pressure or epitaxial strain. [6] [7] [8] [9] Thus, for electronic function engineering purposes it is useful to understand the tendency of a perovskite to distort, or undergo a structural transitions, which can be estimated using the Goldschmidt tolerance factor.
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The tremendous success of perovskites has sparked interest in a closely related set of materials, the A 2 BB'X 6 double perovskites with multiple cations that order among various planes in a periodic fashion (Fig. 1) . The additional compositional ordering degree of freedom not found in simple perovskites 11, 12 can be used to obtain desirable ferroic responses, 13, 14 and explore correlated electron properties. [15] [16] [17] It is important to note that while there are a multitude of studies on perovskites and double perovskites, i.e., most of the materials physics literature is keenly focused on X=O transition metal oxides, 1 fluoride compounds, however, also show an affinity for functional electronic behavior, including mutiferroicity.
18-21
For the case of rock salt ordered double perovskites with two possible B cations (B and B ) with X = F (fluorine), these compounds are generally referred to by one of the two prototypes illustrated in Fig. 1 . The first class being cryolite, after the compound Na 3 AlF 6 .
22 This family contains compounds with [12] -coordinate A sites in the ideal structure, whereby the same cation on the A site is chemically identical to one at the octahedrally coordinated B site (A = B), while the B cation remains unique. This results in the stoichiometry A 3 B F 6 for cryolite. The other prototype is elpasolite, which is named for the mineral K 2 NaAlF 6 . 23 It also refers to structures with 12-fold coordinated A cations, but unlike cryolite, the two octahedrally coordinated B sites are chemically distinct species (B and B ). 24, 25 Thus the stoichiometry for elpasolite is A 2 BB F 6 .
Similar to the transition metal perovksite oxides, the ground state properties of cryolites and elpasolites (double perovskite fluorides) are also strongly structure and symmetry dependent. The tendency for any double perovskite to distort is estimated using a generalized tolerance factor t = √ 2(r A + r X ) (r B + r B + 2r X ) ,
where r A , r B , r B , and r X are the ionic radii of the different chemical species taking into account the appropriate coordination number and spin states approximated by the Shannon and Prewitt radii. 26, 27 In the case of double perovskite fluoride compounds (r X = r F ), the use of the Shannon radius for fluorine with a coordination number of 2 (r F = 1.28.5Å) accurately reproduces observed B -F bond lengths. 25 For tolerance factor values in the range 0.91 ≤ t ≤ 1.00, the cryolite and elpasolites tend to remain cubic-a much larger cubic stability field than found in ABX 3 perovskites, 28 which are anticipated only to be cubic for t = 1. For the case where t<0.91, the double perovskite fluorides also have a stronger affinity for octahedral rotations, and for t>1.00, like the oxides, cryolite and elpasolite adopt hexagonal symmetries.
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Here we focus on the cryolite Na 3 MnF 6 (t = 0.89), which possesses a strong first-order active Jahn-Teller d 4 
Mn
3+ cation and exhibits a distorted monoclinic P 2 1 /n (space group no. 14) structure with both in-phase and outof-phase MnF 6 octahedral rotations in its ground state (Fig. 2) . 29 Interestingly, Na 3 MnF 6 is reported to experimentally undergo an isostructural first-order monoclinc-tomonoclinic phase transition with hydrostatic pressure.
30
Such iso-structural/iso-symmetric phase transitions (IPT) transitions without symmetry reductions 31 are scientifically interesting, because they infrequently occur in inorganic condensed matter phases that are known to exhibit displacive transitions. 32 Microscopic origins for such transitions include spin-state transitions, 33 electronic or magnetic polarization rotation, 34 or from bond reconfigurations due to mechanical epitaxial strain constraints.
35-38
The IPT in Na 3 MnF 6 is experimentally found to be reversible while showing characteristic first order hysteric behavior. Above and below the critical pressure value for the phase transition, the authors of Ref. 30 were able to identify both changes in the amplitude of the short and long Mn-F bond lengths and the relative orientation of these bond pairs with respect to the monoclinic axes. The atomic and electronic features responsible for the phase transition, however, remain unknown: is it due to spontaneous strain, the Mn electronic degrees of freedom, or strong electron-lattice interactions?
Herein, we use density functional theory calculations to identify the microscopic origin of the pressure-induced IPT in the fluoromanganate Na 3 MnF 6 . We find that the ground state monoclinic structure is stabilized through a combination of energy lowering MnF 6 octahedral rotations and Jahn-Teller (JT) bond elongations; the latter arise to remove the orbital degeneracy owing to electron occupation of the majority spin e ↑ g -manifold presented by a cubic crystal field. These combined effects produce a crystal structure at ambient pressure that exhibits elon-
FIG. 2. Equilibrium zero kelvin structure of Na3MnF6, and the MnF6 octahedra of the (b) low pressure [P 21/n]1 and (c) high pressure [P 21/n]2, phases. The long Mn-F bond axis, referred in the text as the Jahn-Teller (JT) bond axis, is highlighted in black and the ferrodistortive packing of these octahedra along the c-axis is the distinguishing structural feature across the monoclinic-to-monoclinic transition.
gated Mn-F bonds along the long, crystallographic c axis depicted in Fig. 2 (b), and is common for manganates with axial ratios c/a > 1. 39, 40 Upon application of hydrostatic pressure in Na 3 MnF 6 , we find a reorientation of the long JT Mn-F bond occurs for unit cell volumes of 240 ± 0.1Å 3 , corresponding to an experimental pressure between 2.10 GPa and 2.15 GPa in agreement with Ref. 30. At the electronic structure level, we find that the low-pressure fluoromanganate phases have fully occupied d z 2 −r 2 orbitals, whereas in the high-pressure phase, the occupancy reverses and is predominately of d x 2 −y 2 orbital character. Furthermore, we find that the pressure renormalizes the mode stiffness of the Jahn-Teller distortion, which due to the electron-lattice coupling facilitates the electronic transition. Uncovering the microscopic origins of the iso-structural first order phase transition sheds light on the effect of stress on the magnetic, electronic and structural degrees of freedom in Na 3 MnF 6 . Thus, improving our understanding of electronic and structural transitions in bulk d 4 fluoromanganites, which may facilitate the design of IPTs in thin film geometries for future device applications.
II. COMPUTATIONAL & SIMULATION DETAILS
We performed density functional theory calculations with the general gradient approximation (GGA) of Perdew-Burke-Ernzerhof revised for solids 41 (PBEsol) as implemented in the Vienna Ab initio Simulation Package (vasp) 42, 43 with the projector augmented wave (PAW) method 44 to treat the core and valence electrons using the following valence configurations: 2p 6 3s 1 for Na, 3p 6 4s 1 3d
6
for Mn, and 2s 2 2p 5 for F. We used a 7 × 7 × 7 MonkhorstPack k-point mesh 45 with Gaussian smearing (0.1 eV width) for the Brillouin zone (BZ) integrations and a 600 eV plane wave cutoff. Spin-polarized structural relaxations were performed until the Hellmann-Feynman forces were less than 1 meVÅ −1 for each atom position.
Magnetic Order. The long-range spin order for Na 3 MnF 6 has not been previously reported. Therefore, prior to carrying out the pressure study, we explored the energetics for A-type antiferromagnetic order (in-plane ferromagnetic coupling between Mn sites, with out-of-plane antiferromagnetic coupling) and ferromagnetic order on the monoclinic P 2 1 /n (ambient) structure with the JT Mn-F bond directed along the c axis. These two magnetic configurations are compatible with the 20 atom unit cell used in all calculations. From our total energy calculations of the fully relaxed phases, we find that the ferromagnetic configuration is essentially degenerate with the antiferromagnetic configuration: There is less than a 0.1% difference in cell volume and an energy difference of 0.4 meV per formula unit (f.u.). These small differences between the magnetic variants also persist for calculations performed at elevated pressures. Owing to the strong ionic character of the fluoride and the fact that there appears to be very weak spin-lattice coupling, we use structures with ferromagnetic (FM) order throughout to perform the hydrostatic pressure simulations. As described below, the FM order yields excellent agreement with experimental structural data.
Application of Hydrostatic Pressure. We computationally mimic the experimental hydrostatic pressure study by imposing the lattice constants and monoclinic angles reported in Ref. 30 while allowing the internal coordinates to fully relax to obtain the total energies for both the low-pressure ([P 2 1 /n] 1 ) and high-pressure ([P 2 1 /n] 2 ) phases. Throughout, we distinguish between the two phases by using the space group label with an additional index, 1 or 2, appended to the end to indicate if it is the low-pressure (phase 1) or high-pressure (phase 2) Na 3 MnF 6 structure. The starting atomic configuration for the [P 2 1 /n] 1 phases employ the positions obtained from our fully relaxed zero pressure DFT-PBEsol simulations, whereas for the [P 2 1 /n] 2 structural relaxations, we initialize the atomic positions to those reported experimentally.
30

III. RESULTS
A. Na3MnF6 Equilibrium Structure
Before performing the hydrostatic pressure study on Na 3 MnF 6 , we first determine the equilibrium structure at zero pressure with ferromagntic spin order. Consistent with experiments, we find a distorted monoclinic structure with in-phase MnF 6 octahedral rotations about the c axis and out-of-phase tilts. The combination of rotations and tilts gives the a − a − c + tilt pattern as described within Glazer notation.
46 Table I shows that the PBEsol functional provides an accurate description of the structural parameters of Na 3 MnF 6 when compared to experiment. The error in the cell volume is ∼0.05%, under the constraint that the PBEsol structure has the same monoclinic angle as that reported in Ref. 29 . To understand the complex atomic distortions in the monoclinic phase, we first recognize that a groupsubgroup relationship exists between the ideal highsymmetry cubic structure without octahedral distortions or rotations, F m3m, and the P 2 1 /n structure. 47 Mode crystallographic analyses 48, 49 then enable us to determine the full set of unique symmetry-adapted mode displacements active in the F m3m → P 2 1 /n transition (see Fig. 3 for schematic illustrations), described as irreducible representation (irreps) of F m3m. We find that the cubic-tomonoclinic symmetry reduction requires a combination of at least two of these modes; based on the physical character ( Fig. 3 ) and mode amplitudes (Table II) of the distortions appearing in the ground state structure, we deduce that the symmetry reduction is driven by out-ofphase octahedral rotations about the b axis and in-phase rotations about c-axis, i.e., the combination of Γ
Given that the irreps form a complete basis for which to perform the structure decomposition of the monoclinic phase relative to the cubic structure, we can use the mode amplitude to make a quantitative comparison of the internal atomic positions obtained from our relaxed PBEsol simulation and the experimental structure. Table II reveals that there is only a modest difference (< 10% error) between the PBEsol structure and experiment for all mode distortions that are not characterized by distortions of the Jahn-Teller type (Γ : anti-parallel apical F displacements which lead to a flattening of the MnF6 octahedra. Note that the Na(2) cations are excluded for clarity throughout, and broken lines indicate atomic displacements in the layer below.
PBEsol calculation underestimate the experimental rotation angle (12.5 • ) by 3.3%, whereas the experimental tilt angle (19.4 • ) is overestimated by 5.7%. Both values are within the expected error of 20% for perovskite systems with a − a − c + tilt patterns as predicted with semi-local exchange correlation functionals. In the case of JT modes, we find that PBEsol is less accurate in predicting the distortion amplitudes. Specifically, we find a modest 12% underestimation for the Q 1 mode [ Fig. 3(b) ], but large overestimations of 47% and 92% for the Q 2 and Q 3 modes [ Fig. 3 (f) and (c)], respectively. Closer inspection of the MnF 6 octahedra shows that these overestimations only manifest as small changes in Mn-F bond lengths of order 10 −2Å . (Table III) . Our calculations find that the long Mn-F(1) bond is enhanced, while the medium length Mn-F(3) bond is shortened relative to experiment. There is a negligible difference in the short Mn-F(2) bond in the MnF 6 octahedra.
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The Jahn-Teller bond length discrepancies found when comparing the DFT predicted values to experiment are common for GGA-level exchange-correlation functionals, and are usually corrected by employing the plus Hubbard U correction. [51] [52] [53] Indeed, for Na 3 MnF 6 we obtain small improvements in the Jahn-Teller bond distortions with the Hubbard +U correction 54 (data not shown), however this is accompanied by a decrease in the accuracy of the unit cell volume, which should be well-reproduced in order to accurately evolve the system under pressure. Despite the discrepancies, the trend in the Jahn-Teller bond distortions obtained at the PBEsol level are in good agreement with the experimental bond lengths, i.e., Mn-F(1)>Mn-F(3)>Mn-F(2). Thus, we find that the PBEsol functional without the Hubbard correction is a suitable exchange-correlation functional to use to explore the origin of the pressure-induced isosymmetric transition. Fig. 4 shows that the energy of both monoclinic phases increase with increasing pressure (decreasing cell
We now explore changes in the internal atomic positions with pressure, focusing on the cooperative behavior of the Mn-F octahedra. We first examine the changes in the Mn-F bond lengths. Rather than using the symmetrymode description described before, we parameterize the structural distortions to the MnF 6 octahedra in terms of first-order Jahn-Teller (JT) elongations Q 2 and Q 3 . degeneracy. The Q 2 mode is a tetragonal "two-in and twoout" bond distortion in the ab plane [Q 2 > 0, Fig. 3(c) ], while Q 3 is a three-dimensional "two-out and four-in" bond distortion [Q 3 > 0, Fig. 3(f) ]. In Na 3 MnF 6 , the Q 2 and Q 3 vibrational modes are ferrodistortively aligned.
In the monoclinic systems studied here, the Q 2 > 0 mode elongates the Mn-F bonds that lie mainly along the b axis and shortens those along a, while Q 3 > 0 shortens the Mn-F bonds in the ab plane while elongating the bonds along c axis.
We obtain the fraction of the Q 2 and Q 3 JT modes present in the stable monoclinic low-and high-pressure variants as a function of hydrostatic pressure by computing the magnitude of the Jahn-Teller normal modes as follows:
where, F(1), F(2), and F(3) are the Mn-F bond lengths directed along the c, a, and b axes, respectively. The JT phase is defined by Θ = tan −1 Q 2 /Q 3 . Within this formalism, Θ = 0
• represents a JT distortion of octahedra stretched along the c axis. Angles of Θ = ±120
• correspond to JT distortions along the b and a axis, respectively.
39,40,57
Fig . 5 shows the stability of the monoclinic Na 3 MnF 6 structures in the Q 2 -Q 3 plane with respect to Θ. For [P 2 1 /n] 1 , Θ = 2.99
• at ambient pressure and evolves to a maximum of value of 4.06
• at the critical pressure. Thus in the low pressure Na 3 MnF 6 phase, the Q 3 JT mode dominates the Q 2 mode, leading to a tetragonal distortion of the MnF 6 octahedra that also elongates the c axis and contracts the crystal in the ab plane. Across the IPT there are no intermediate values of Θ (grayed region). In the high pressure phase [P 2 1 /n] 2 , a drastic increase in the value of Θ occurs, i.e., Θ = 114.1
• and reaches a maximum of Θ = 115.0
• , which indicates a first order transition to a Q 2 -type JT distortion and is consistent with the long bond becoming the Mn-F(3) bond as observed in the [P 2 1 /n] 2 phase.
C. Jahn-Teller Electronic Effects
We now investigate the electronic structure evolution across the IPT to understand the coupling between the electron and lattice degrees of freedom in Na 3 MnF 6 . Here, Mn(III) is found in a high-spin d 4 configuration with one electron in the e g manifold, which appears as a strong Jahn-Teller distortion in the octahedra. By definition the first-order Jahn-Teller (FOJT) effect of a transition metal cation in an octahedrally coordinated field acts to remove the electronic degeneracy of unevenly occupied t 2g (weak JT) or e g (strong JT) orbitals by inducing a structural distortion.
58-60 Thus, we anticipate that hydrostatic pressure directly affects the value of Θ in the Q 2 -Q 3 subspace.
Importantly, the value of Θ also provides a measure of the average character of the occupied molecular orbital state |Θ of the Jahn-Teller ion for a given static cooperative JT distortion as an arbitrary superposition of the e g orbitals wave functions. 39, 61 It can be approximated for a system at absolute zero as
We use Maximally Localized Wannier Functions (MLWF)
62,63 to transform our periodic wave functions forming the valence band (VB) and conduction band (CB) edges into a local real-space representation of the e g (d x 2 −y 2 and d z 2 −r 2 ) orbitals. The subspace is spanned by these atomic-like orbitals for the two Mn cations in the unit cell to evaluate the percent character of each orbital contributing to |Θ . Fig. 6(a) shows the electronic band structure near the Fermi level (E F ) for [P 2 1 /n] 1 at ambient pressure. The occupied bands are largely 3d z 2 −r 2 -like Mn states while the 3d x 2 −y 2 orbital forms the conduction band throughout the Brillouin zone (BZ). It is significant to note that Θ = 2.99
• for [P 2 1 /n] 1 at ambient pressure and this corresponds to |Θ being comprised of 99.9% d z 2 −r 2 orbital character in agreement with the MLWF projection Fig. 6(a) . This result is characteristic of the orbital splitting anticipated for Q 3 > 0, where the apical bonds in the MnF 6 octahedra are elongated and the equatorial bonds contract. 40 The MLWFs reveal strong localization of the atomic like 3d z 2 −r 2 orbital on the Mn cations below E F [ Fig. 6(c)] ; the majority spin e ↑ g electron occupies the orbital directed along the long JT-bond to reduce the Coulombic repulsion induced by the F 2p electron cloud. 
GPa Θ = 114.2
• in [P 2 1 /n] 2 , and this angle predicts a wavefunction with 29.5% d z 2 −r 2 orbital character. The mixed e g molecular orbital state is typical for manganates with a Q 2 -like JT distortion, i.e., the long-JT bond axis is oriented in the ab plane.
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We now examine the energetics associated with the changes in |Θ by computing the Q 2 − Q 3 energy surface using the calculated total energies of [P 2 1 /n] 1 and [P 2 1 /n] 2 and fitting to a Taylor series expansion (Fig. 7) . We achieve this by incrementally increasing the Q 2 (X + 2 ) and Q 3 (Γ + 3 ) symmetry-adapted mode amplitudes in the [P 2 1 /n] 1 phase at ambient pressure (Table II) and [P 2 1 /n] 2 at 2.50 GPa (Table IV) with respect to the undistorted reference structures. 66 In Fig. 7 , mode amplitudes of Q 2 > 0 represent a JT distortion which elongates the Mn-F(3) bond and shortens the Mn-F(2) bonds in the ab plane, while Q 2 < 0 shortens Mn-F(3) and elongates Mn-F(2). Similarly, Q 3 > 0 mode amplitudes correspond TABLE IV. Symmetry-adapted mode amplitudes (inÅ) present in the Na3MnF6 [P 21/n]2 phase at 2.50 GPa obtained from DFT-PBEsol calculations. The mode amplitudes are normalized with respect to the parent F m3m structure.
Mode
Space group (number) DFT-PBEsol Γ to a two-out-four-in JT distortion which stretches the apical Mn-F(1) while shortening the Mn-F(2) and Mn-F(3) equatorial bonds. Conversely, Q 3 < 0 gives the four-outtwo-in JT bonding environment that elongates bonds in the ab plane [Mn-F(2) and Mn-F(3)] and shortens the Mn-F(1) bond. Considering only JT modes in the equilibrium volume of [P 2 1 /n] 1 at ambient pressure, we find a single energy minimum at Q 3 ∼ 0.11 and Q 2 = 0 [ Fig. 7(a) ]. In this phase, a two-out-four-in Q 3 JT vibrational mode stabilizes Na 3 MnF 6 at ambient pressure by approximately 38.6 meV/f.u. over the undistorted phase, which is consistent with the structural and electronic investigations already described. Despite having a small finite amplitude of Q 2 (X + 2 ) present in the equilibrium structure [ Table II] , Fig. 7(a) indicates that in the absence of other distortions any nonzero amplitude of Q 2 leads to an energetic penalty in [P 2 1 /n] 1 . Thus, an asymmetrical Mn-F bond stretching in the ab plane is an unfavorable distortion at ambient conditions without the presence of another distortion.
From Fig. 7(b) , we observe that our two-dimensional energy surface predicts a single energy minimum for [P 2 1 /n] 2 at 2.50 GPa. Here, the minimum is located at Q 3 ∼ −0.048 and Q 2 = 0. In the stable [P 2 1 /n] 2 phase, it is noteworthy that the stability regime for the Q 3 vibrational mode is in a negative range. This indicates that unlike the [P 2 1 /n] 1 phase, at elevated pressures across the IPT a four-out-two-in Q 3 rather than two-out-fourin Mn-F distortion is required to stabilize the structure. According to the JT theory, a d 4 cation with Q 3 < 0 distortion splits the e g degeneracy by occupying the d x 2 −y 2 orbital. Thus, the change in sign of the Q 3 mode is in accord with the d x 2 −y 2 dominate valence band edge observed in our electronic structure calculations (Fig. 6) . However, since Q 2 = 0 in the absence of any other distortion, at high pressure Na 3 MnF 6 would exhibit four equivalent equatorial bonds, i.e., Mn-F(2) = Mn-F(3), in the reduced subspace. The latter is in contrast to the fully relaxed atomic and electronic structure of the [P 2 1 /n] 2 phase, where the MnF 6 octahedra exhibit multiple distortions with an approximately Q 2 > 0-like JT bonding environment. Indeed, the symmetry-adapted mode amplitudes for Na 3 MnF 6 at 2.50 GPa (Table IV) indicate that the Q 2 mode (X + 2 ) is finite and larger in amplitude (Q 2 = 0.083) than at ambient pressure (Q 2 = 0.056).
We now seek to identify which other structural distortion (non-Jahn-Teller mode) acts to stabilize nonzero Q 2 mode amplitudes in the equilibrium structures. From the mode decomposition analysis at ambient and elevated pressure, we observe that the largest contribution to the equilibrium structures arise from the tilt (Γ + 4 ) and rotation (X + 3 ) of the MnF 6 units. To understand the nature of the tilt-Q 2 and rotation-Q 2 coupling, we incrementally increase the mode amplitude of Q 2 at finite amplitudes of the tilt and rotation (0%, 50%, 80%, 90% and 100% of their maximum) with respect to the undistorted reference structure. Fig. 8 shows that both the tilt and rotation modes couple to Q 2 and give a net energy gain in the free energy in both pressure regimes at finite amplitude. From Fig. 8(a) we observe that as the amplitude of tilt irrep increases in [P 2 1 /n] 1 , the curvature of the Q 2 free energy evolves from a positive parabola with a single minimum at the Q 2 = 0 to a double-well potential with negative curvature about the origin and minima at finite Q 2 for tilt amplitudes ≥ 80%. This signifies a continuous softening of the Q 2 phonon mode induced by large amplitudes of the tilt mode (Γ + 4 irrep), which effectively stabilizes the finite asymmetrical stretching observed in the ground state (Table II) through a fourth-order biquadratic anharmonic interaction that renormalizes the mode stiffness of the quadratic Q 2 2 mode. The behavior of the MnF 6 rotation-Q 2 coupling in Fig. 8(b) shows that there is a large energetic gain associated with increasing amplitudes of the rotation mode. The single minima of the parabolic energy curves indicate, however, that while this coupling contributes to the total energy it does not soften the Q 2 mode frequency, but rather shifts the mode amplitude of Q 2 to a non-zero value through a linear-quadratic interaction.
In the high pressure phase (2.50 GPa) [ Fig. 8 (c) and (d)], we observe that the Q 2 irrep is unstable with a small energy gain < 1 meV at 0% tilt and rotation amplitudes. Fig. 8(c) shows that increasing the amplitude of the tilt distortion in the [P 2 1 /n] 2 leads to an enhanced energy stabilization, which ultimately promotes a larger Q 2 distortion in the high pressure phase. In contrast, increasing the contribution of the rotational mode hardens the Q 2 mode [ Fig. 8(d) ], thereby reducing the energetic gain and leading to a smaller amplitude of Q 2 through the coupled Q interaction.
IV. DISCUSSION
Our calculations and structural analysis indicate that the IPT is due to the spontaneous redistribution of the electronic charge density among the e g orbitals of the strong JT Mn cation. Specifically, we find that the low pressure system is stabilized with the long bond along the c axis and a filled d z 2 −r 2 orbital which is characteristic of a Q 3 > 0 JT where c/a > 1. 39, 40 Mode crystallographic analyses coupled with phenomenological Landau investigations of the JT Mn-F bond distortions reveal that the lattice strain induced by hydrostatic pressure renormalizes the mode stiffness of the JT vibrational modes across the transition. The leading coefficient of the Q 2 3 term in the Hamiltonian changes sign under hydrostatic pressure.
Most significantly, we observe that across the transition the Q 3 JT irrep switches from a two-out-four-in (Q 3 > 0 ) in [P 2 1 /n] 1 to a four-out-two-in (Q 3 < 0) in the [P 2 1 /n] 2 phase. While the key structural signature defining [P 2 1 /n] 2 is a Q 2 -like Mn-F bonding arrangement, we contend that the primary factor in the stabilization of the high pressure phase in Na 3 MnF 6 is the change in sign of the Q 3 distortion mediated by the Q 2 -MnF 6 tilt interaction. Table II and Table IV clearly show that the rotation amplitude is unchanged under pressure. Our electronic and phenomenological investigations indicate that at high pressure, it is more favorable for the charge to localize in the d x 2 −y 2 -like orbital. Thus, the characteristic Q 2 -like Mn-F 6 bonding distortion that differentiates the [P 2 1 /n] 2 and [P 2 1 /n] 1 phases is stabilized by second-order effects. We show that a strong coupling exists between the tilt and Q 2 lattice degrees of freedom owing to an anharmonic interaction that stabilizes finite amplitudes of Q 2 in the equilibrium structures. The importance of this secondary effect is highlighted by comparing [ Fig. 8 FIG. 9. Evolution of the total energy of Na3ScF6 with cell volume relative to the DFT relaxed ground state structure. The inset depicts the partial charge density obtained over the energy window ranging from -2 eV to EF at (a) ambient pressure (0.0 GPa) and (b) 6.82 GPa. Unlike Na3MnF6, neither a structural transition nor charge redistribution is observed.
the energetic gain produced by the tilt-Q 2 coupling increases by approximately 20-fold in the [P 2 1 /n] 2 phase at equilibrium over the ambient case. In addition, our electronic structure calculations show that hydrostatic pressure has an effect on the crystal field splitting in the stable phases of Na 3 MnF 6 . We observe that energy gap between the filled d z 2 −r 2 and the unoccupied d x 2 −y 2 is reduced from 0.43 eV at ambient pressure to 0.34 eV at the transition. Across the critical pressure for the transition, the band gap is 0.37 eV at 2.20 GPa. The continued application of hydrostatic pressure in the high pressure phase further decreases the band gap at approximately 0.02 eV/GPa which allows us to predict a insulator-to-metal transition around ∼20 GPa.
Based on this understanding, we performed a similar set of calculations for the d 0 compound Na 3 ScF 6 , which also crystallizes with P 2 1 /n symmetry and for which experimental structural data under hydrostatic pressure exists. 67 We find there is no discontinuity in either the total energies (Fig. 9 ) or in the evolution of the Sc-F bond lengths up to a pressure of 6.82 GPa, which indicates that no isosymmetric transitions occur up to a pressure that is approximately 4.7 GPa higher than required for the fluoromanganate. Indeed, Fig. 9 shows the partial charge density for Na 3 ScF 6 obtained by integrating over a finite region from -2 eV to E F is highly uniform at both ambient Fig. 9 (a) and high pressure Fig. 9(b) . The absence of both a JT instability and an anisotropic bonding environment is consistent with the experimental findings and the proposed electronic origin for the IPT in Na 3 MnF 6 , highlighting the importance of the JT-active Mn(III).
V. CONCLUSION
We used first principles density functional calculations to study the electronic and atomic origins of the first-order pressure induced phase transition in Na 3 MnF 6 . We identified that the isosymmetric transition originates from two key features present in the fluoromangante: (i) a Jahn-Teller active Mn(III) ion with an e g orbital degeneracy, and (ii) the strong coupling of the cooperative Mn-F bond distortions to MnF 6 octahedral tilts with hydrostatic pressure. We find that while simple structural arguments may identify the [P 2 1 /n] 1 phase of Na 3 MnF 6 as being dominated by a Q 3 -type JT distortion and the [P 2 1 /n] 2 phase as Q 2 -type, the combined effect of both distortions with collective MnF 6 tilts are essential to describing the stability of the structure at both ambient and under hydrostatic pressure. In the [P 2 1 /n] 1 structures the Q 3 > 0 JT distortion splits the e g manifold into atomic-like occupied d z 2 −r 2 and an unoccupied d x 2 −y 2 orbitals, owing to an elongated JT Mn-F bond aligned along the crystallographic c-axis. After the transition to the high-pressure phase [P 2 1 /n] 2 , the JT-bond axis reorients into the ab plane with the structure largely characterized by a Q 2 -type bonding arrangement. The transition above 2.15 GPa is arguably driven by a spontaneous renormalization of the Q 3 vibrational mode, i.e., Q 3 < 0. The equilibrium structure of the [P 2 1 /n] 2 phase is stabilized by secondary lattice effects which couple the tilt and Q 2 JT phonon modes to give the Mn-F(3) > Mn-F(1) > Mn-F(2), which is the signature of the high pressure phase of Na 3 MnF 6 .
